The oxidation of UO2 was studied by thermogravimetry and X-ray diffraction. It was clarified that the thermal history covering the first stage of the oxidation from UO2 to U3O7 significantly influenced the rate of the oxidation of the second stage from U3O7 to U3O8.
INTRODUCTION
The oxidation of UO2 has been the subject of very extensive studies in the past(1)- (12) . It is generally accepted that this reaction occurs in two successive steps from UO2 to U3O7 and from U3O7 to U3O8. At low temperatures, the reaction stops at the composition of U307, its rate being determined by the diffusion of oxygen through the product layer.
The second stage of the reaction is induced at the temperatures exceeding 250-C. Despite of the many reports affirming the two-stage process, some investigators have observed on the basis of differential thermal analysis that there occurred direct oxidation from UO2 to U3O5 in a single step. This discrepancy in the observations has been attributed to the differences existing in the specific surface areas of the sample powders (4) .
One aspect that appears always to have been overlooked hitherto is the mode of temperature evolution during a run. Nobody appears to have suspected that the governing factor determining whether the reaction would proceed in what appears to be a single or a double stage might simply be the difference in relative magnitude of the rates at which the two stages proceed.
If the second stage progresses at a rate very much faster than the first, the overall effect would appear to the observer as if the reaction has proceeded in a single stage, The oxidation rates were measured with Gulbransen-type microbalance. Its sensitivity was 5.007x10-6 g/div.
(1 division=0.01 mm). The measurements were carried out in oxygen atmosphere (Po,=150 Torr) under constant and under linearly increasing temperature.
No serious buoyancy effect was observed under any of the experimental conditions that prevailed in the present study.
Uranium dioxide powder of an amount of 0.2 g was placed in a quartz basket suspended from the arm of the balance by means of a 0.1 mm diam. nichrome wire.
For runs with one-step heating to ultimate temperature, the furnace was previously heated to the prescribed temperature, upon which it was pushed into the heating zone of the balance in a sharp movement, so that the specimen was heated up in one step from room temperature to various ultimate temperatures.
For runs with linearly increasing temperature, the furnace was set in the heating zone from the beginning, and the specimen was then heated under the condition of ramp increase in temperature at rates of 2.7d, 5d, 10d, 16.6d, 18.2d or 20dc.
Below 160dc, an initial weight decrease was observed which corresponded in most runs to approximate 0.01 % of the specimen weight. This was attributable to loss of contained moisture. The amount of oxidation was estimated with this minimum specimen weight adopted as datum. The 0/U ratio of the original sample was determined by comparing this datum weight of specimen with the observed weight gain by oxidation to U3O8.
The surface areas of the samples were measured by the BET method utilizing Ar adsorption.
The diffraction patterns of the oxide specimens were obtained with the Ka X-rays of Cu. Reagent grade NaC1 was used as internal standard.
Material
The sample used in this study was commercial UO2 powder.
The nominal purity was 99.927 % U, and the principal impurities determined spectroscopically were Al (<10 ppm), Ca (<10), Cr (<100), Fe (500), Mn (10) At 200dc, the plots of weight gain against time are seen to have obeyed the parabolic law, and the final composition after oxidation maintained at constant ultimate temperature for 36hr was found to correspond to U3O7.067.
At 250dc and above, the oxidation apparently proceeded in a very rapid single step, to acquire a composition close to that of U3O5. This result differs from those obtained by Aronson et al.(" who have reported a plateau appearing on the weight gain curve at a point in time corresponding to the 0/U ratio of 2.34 for Mallinckrodt UO2. The differences in the experimental conditions existing between our study and that by Aronson et al. are those in particle size, in the pretreatment and in the thermal histories of the UO2 samples.
As it will be seen later, the thermal histories during the initial oxidation from UO2
to U307 significantly influence the rate of the ensuing stage from U3O7 to U3O8.
Ramp Heating
The oxidation behavior under the condition of ramp increase in temperature was quite different from that under one-step heating.
The results obtained at 10dc/min are shown in Fig. 2 , as an example.
The three curves shown in this figure correspond to ultimate temperatures of 250dc, 300dc and 350dc. The run terminating at 200dc resulted in an oxidation behavior substantially the same as that for one-step heating to that temperature, except that the final composition was U3O7. 049. With runs up to ultimate temperatures of 250-C and above, the oxidation proceeded in two stages, distinctly separated by an induction period, represented by a plateau on the rising curve.
recorded during the induction period decreased slightly with increase of the ultimate temperature, but the difference is not very large.
In contrast, the length of the induction period decreased significantly with a similar increase in ultimate temperature (Fig. 2) . In all the present series of runs, the specimen temperature always attained the prescribed ultimate level before the weight-gain plots started to describe the induction plateau.
Hence the shortening of this induction plateau seen when the ultimate temperature was raised may be attributed simply to acceleration of the second step at these higher temperatures. Figs. 3 and 4) . In the final stages of oxidation the diffraction patterns of oxides other than U3O8 disappeared completely.
The effect of differences in the ramp heating rate on the oxidation behavior is shown in Fig.  5 . In this series, the ultimate temperature was set at the common level of 300dc for all the runs.
In the case of heating rates between 16.6 and 20dc/min, the UO2 was oxidized to a state close to U3O8 in what appeared to be a single step devoid of induction period.
At lower heating rates (e.g. 2.7~15T/min), in contrast, the oxidation In all these runs, as in the previous experiment with constant heating rate, the reaction vessel reached the ultimate temperature before the outset of the induction period, so that in all the runs in this series, an isothermal condition at 300-C had always been virtually established for the second oxidation step from U3O7 to U3O8. Hence the difference in behavior observed for this second step could only be related to the difference in the ramp heating rate applied during the first step from UO2 to U3O7, and the relation between the cause and the effect was thoroughly examined.
The composition of the sample in the induction period was found quite close to that of U3O7, with only small differences accompanying the change in heating rate ( Table 2 ). The most significant effect of lowering the heating rate applied during the preceding first step is thus the very marked prolongation of the induction period. From the results of experiment as described in the preceding section, it would be surmised that it was an annealing effect undergone by the intermediate compound U3O7 that retarded the oxidation to U3O8 in the ensuing stage. This effect was demonstrated in the next experiment.
The UO2 specimen was initially heated in oxygen at 150 Torr and at a heating rate of 10dc/min, until the temperature reached 206dc. This temperature was maintained during a predetermined period, and then raised again at the same heating rate of 10dc/min up to 300dc (taking 10 min to rise 100dc). The duration of maintenance at the intermediate 200dc was varied in the range of 1-10hr.
Irrespective of this duration, the second heating period of 10 min always terminated while the induction period was still under way, so that the appreciable bulk of the second step can be considered to have proceeded under the constant temperature of 300dc in all the runs. The results are shown in Fig. 6 and Table 3 . It will be seen from these data that the end pro- Fig. 6 Effect of annealing on rate of oxidation of U3O7 to U3O8 
N. DISCUSSION
The kinetic data obtained under the conditions of one-step rise to ultimate temperature and at the steeper ramp heating rates could not be properly analyzed, because, with the microbalance used, the weight changes could not be followed with sufficient precision to observe the rapid reaction taking place. Moreover, in the runs at the higher rate of heating, the reaction was so little inhibited that it was completed to about 90 % before the temperature reached the ultimate level. Thus the condition of isothermal reaction was not established even for the second stage of oxidation from U3O7 to U3O8, as it was for the runs at the slower heating rates, when the secondstage sigmoidal oxidation could be regarded to be practically an isothermal reaction.
Aronson et al. analyzed the oxidation data of U3O7 by applying Johnson & Mehl's equation which had first been applied in explaining phase transformation of austenite to perlite in austenitic steels (13) . In their analysis, the first-named authors assumed that the transformation proceeded through the surface nucleation of U3O8 and its growth.
Johnson & Mehl's equation can be given by ( 1 ) where y is the degree of reaction, t the reaction time, k the rate constant and n the exponent of t. In this equation, h and n were assumed to be independent of y. This treatment is based on the two following assumptions : (1) The nuclei of U3O8 are formed all over the surface of the specimen particles in random manner, the rate of nucleation being proportional to the area of the surface remaining untransformed ; (2) then the nuclei grow at a constant linear rate of progres--43 -sion in all directions within the particle and along its surface until the growth is stopped by meeting another growing nucleus or by reaching the particle surface. A plot of log(1/ (1-y) ) vs. t is given in Fig.  7 , as an example.
The linearity is quite good in the range of degree of reaction from 0.05 to 0.40. The values of n and k, which were estimated from the slope and the intercept with the ordinate obtained by extending the line, are indicated in Tables Both n and k are seen to increase with the ultimate temperature.
It is pointed out in Burke's textbook (14) , that the time exponent n in Johnson & Mehl's equation is closely correlated with the difference in type of reaction model. 
V . CONCLUSIONS
The oxidation of UO2 was studied by means of thermogravimetry and X-ray diffraction. The results obtained can be summarized as follows :
(1) The entire oxidation reaction proceeded in what to all appearances, was a single stage, when the specimen temperature was rised rapidly, whereas at the slower rates of heating up, two distinct stages of oxidation were observed, separated by an intermediate induction period.
(2) The induction period preceding the second stage oxidation from U307 to U308 was prolonged when the specimen had been heated slowly, that is, when the U307 had been formed slowly. (4) The need for more extensive morphological studies appeared to be necessary to discuss meaningfully the mechanism governing the oxidation of UO2.
